Introduction {#Sec1}
============

Viruses are fascinating micromachines that are able to invade virtually all forms of life. Despite their structural simplicity, viruses have evolved sophisticated tactics to exploit the metabolic machinery of the host cell and to reprogram it for the synthesis of the macromolecular constituents that are required for their multiplication and invasion of new cells. During the last years the study of the elaborate relationship between viruses and their hosts has led to the understanding of how viral pathogens not only hijack the host transcriptional/translational machinery, but are also able to control cellular signaling pathways and transcription factors to their own advantage. A fascinating aspect of the interaction between viruses and their host is the impact of the viral infection on the heat shock response (HSR).

The HSR is considered a fundamental cellular defense mechanism against the deleterious effects of physiological and environmental stress provoking cell damage due to protein misfolding, degradation and insoluble aggregation, including hyperthermia, alterations in the intracellular redox environment, and exposure to different types of chemicals \[[@CR1]\]. The stress signal, which is usually triggered by a flux of non-native proteins, results in the activation of heat shock factors (HSF) and in the synthesis of heat shock proteins (HSP), many of which function as molecular chaperones to guide conformational states critical in the synthesis, folding, assembly and disassembly, translocation and degradation of proteins \[[@CR2]\]. This poses the question on whether viruses are able to hijack the chaperone machinery necessary for the correct folding of the abundant amount of viral proteins rapidly synthesized in bulk, and for their correct assembly into viral components during different phases of the virus replication cycle. Since HSP are also crucial factors in many signal transduction pathways and the proper regulation of chaperone expression is critical to the regulation of apoptosis \[[@CR1]--[@CR3]\], it is evident that the control of HSP expression would be a powerful tool for the invading virus to manipulate the fate of the host cell.

A different perspective of the relationship between viruses and the HSR comes from studies which investigate the effect of high intracellular levels of HSP induced by hyperthermia or chemical agents on virus replication during acute or persistent infections. Several of these studies describe an antiviral activity of HSR inducers in infected cells. In addition, the heat shock response physiologically induced in vivo by fever is a host defense mechanism known to have a beneficial role during viral infection \[[@CR4]\].

Despite the large amount of literature describing the impact of virus infection on the host HSR, the significance of this interaction is still not well understood, and it is not clear whether the outcome may benefit the host or the pathogen. This chapter analyzes different aspects of the interactions between viruses and heat shock proteins during infection of mammalian cells, focusing on the modulation of the HSR by viruses that cause diseases in humans.

Modulation of the Heat Shock Response During Viral Infection {#Sec2}
============================================================

Different types of DNA and RNA viruses influence the cellular heat shock response (Fig. [3.1](#Fig3_1_189258_1_En){ref-type="fig"}). In the case of DNA viruses, a pioneering study by Khandjian and Turler \[[@CR5]\] showed that during lytic infection of monkey and mouse cells with simian virus 40 (SV40) or polyoma virus there is a marked increase in the synthesis of two host heat-inducible proteins of 92 and 72 kDa. The main SV40-inducible member of the hsp70 family was subsequently shown to be the hsc70 gene in monkey CV-1 cells \[[@CR6]\]. An up-regulation of hsp60, hsc70, and hsp90 and a down-regulation of the small heat shock protein hsp28 were instead shown by Honoré et al. \[[@CR7]\] in SV40-transformed keratinocytes, indicating a different response in different types of host and different conditions of infection. In addition to polyomavirus, adenoviruses were among the first DNA viruses shown to increase the expression of HSP genes, and in particular of the hsp70 genes, in human cells. Several studies have shown that the adenoviral gene products E1A and E1B synergistically stimulate hsp70 expression in a cell cycle specific manner \[[@CR8]--[@CR13]\], as described in the next section. Fig. 3.1Viruses that induce HSP expression in mammalian cells. Several human viral pathogens belonging to different DNA (*top*) and RNA (*bottom*) virus families are able to activate the expression of one or more heat shock proteins. Double-strand (*white arrow*) and single-strand RNA viruses of positive (*dark gray*) and negative (*light gray*) polarity are depicted in the bottom section. See text for details

Numerous reports have shown alteration of the HSR during herpesvirus infection. In the case of herpes simplex virus (HSV), mutants of HSV type 1 (HSV-1) and 2 (HSV-2) induce HSP during infection of chick embryo fibroblasts \[[@CR14]\] and human neuroblastoma cells \[[@CR15]\] respectively. The presence of abnormal forms of the HSV-1 immediate early polypeptide Vmw175 was found to be the signal for induction of the stress response in chick embryo fibroblasts infected with the HSV mutant *tsK* \[[@CR16]\]. An altered HSV-1 envelope gB glycoprotein that is retained in the ER of mammalian cells, but not the normal viral envelope protein, was also found to transactivate the grp78 promoter \[[@CR17]\]. However, the presence of abnormal proteins is not necessary for HSR stimulation by herpesviruses. In fact, lytic infection of BHK cells with several strains of HSV-2 causes intracellular accumulation and translocation to the cell surface of a protein related to the hsp90 family \[[@CR18]\]. In addition, the presence of elevated hsp70 mRNA levels was reported in rodent cells early after infection with HSV types 1 and 2 \[[@CR19]\]; hsp70 induction was dependent on viral protein synthesis but not on viral DNA replication, suggesting that one or more HSV-encoded protein(s) could be involved in inducing hsp70 expression. This turned out in fact to be the case, as described in the next section. HSR activation was also shown after infection with a different α-herpesvirus, the Varicella Zoster virus (VZV) \[[@CR20]\].

Also β- and γ-herpesviruses activate the HSR. The β-herpesvirus HCMV (human cytomegalovirus) was shown to transiently induce hsp70 gene expression in human diploid fibroblasts \[[@CR21]\], whereas infection of human B lymphocytes with the γ-herpesvirus EBV (Epstein-Barr virus) induces the expression of both hsp70 and hsp90 proteins, independently of viral protein synthesis \[[@CR22]\]. Peripheral blood B cells immortalized in vitro by EBV were also shown to express elevated levels of hsp70 and hsp90 \[[@CR22]\]. In this case hsp90, but not hsp70, was found to be localized on the surface of EBV-immortalized lymphoblastoid cell lines. This expression was shown to be important in the stimulation of γδ T cells, suggesting that hsp90 serves as an immune sentinel trigger during acute virus infection, or as an aid in the generation of EBV-specific T cells during acute infection mononucleosis convalescence \[[@CR23]\].

Cytoplasmic DNA viruses can also control HSP expression. Jindal and Young reported that infection of human monocyte-macrophages by vaccinia virus, caused a dramatic decrease in the levels of cellular mRNAs, but did not cause a significant reduction in the levels of hsp90 and hsp60 mRNA, rather it led to a substantial increase in hsp70 mRNA levels, indicating an increased resistance of HSP transcription and translation during cytopathic virus infection \[[@CR24]\]. Interestingly, HSP expression was shown to be also enhanced during poxvirus infection of mouse ovaries in vivo \[[@CR25]\].

In the case of RNA viruses, cytoplasmic replication is the rule with a few exceptions which include influenza viruses. Most RNA viruses do not need to interact directly with the cellular transcriptional machinery, carrying their own either in the form of RNA-dependent RNA polymerase complexes present in the viral capsid (negative-strand RNA viruses) or synthesizing the polymerase soon after infection of the host cell (positive-strand RNA viruses). RNA viruses have evolved different strategies to control the host translational apparatus, and usually provoke a dramatic shut-off of host cell protein synthesis. However, a small number of known cellular proteins are synthesized at increased rates after infection by both positive and negative polarity RNA viruses. The proteins of the interferon system are the most studied example, however induction of stress proteins has also been reported. Starting from the initial observation by Peluso et al. that infection of cultured chick embryo cells by the paramyxoviruses Sendai virus and Simian virus 5 (SV5) stimulated the synthesis of glucose-regulated proteins (GRP) \[[@CR26], [@CR27]\], a growing body of literature has described the induction of stress proteins by different types of RNA viruses (Fig. [3.1](#Fig3_1_189258_1_En){ref-type="fig"}). In the case of SV5, a fivefold increase in the rate of grp78-BiP transcription and an increase in grp-BiP protein levels were shown in monkey cells. When the individual SV5 polypeptides were expressed from cloned cDNAs, the synthesis of the hemagglutinin-neuraminidase (HN) glycoprotein led to an increase of grp78-BiP accumulation, whereas the fusion (F) glycoprotein or the viral proteins P, V and M had no effect, indicating that the flux of folding-competent HN molecules through the ER of infected cells stimulates grp-BiP synthesis \[[@CR28]\]. In a similar manner, the hepatitis C (HCV) virus E2 envelope protein, which is retained in a pre-Golgi compartment in a partially misfolded state bound by grp78, was found to induce overproduction of a number of ER resident chaperones including grp78 and grp94 \[[@CR29]\]. Since grp78 is part of the sensing system that detects misfolding in the ER, its interaction with partially folded viral proteins may activate the feedback mechanism of the unfolded protein response (Fig. [3.2](#Fig3_2_189258_1_En){ref-type="fig"}). Fig. 3.2Modulation of the heat shock response during viral infection. Different viruses interact with the heat shock response at different levels. 1. Virus attachment at cell membrane receptors may activate signal transduction pathways interfering with the HSR. 2. Adenoviruses and poxviruses induce HSF1 nuclear translocation and DNA-binding activity. 3. In some cases, HSR activation may be due to hsp70 sequestering by viral proteins present in an unfolded aggregation-prone state in the nucleus and/or cytoplasm of the host cell, causing HSF freeing and activation. 4. Some DNA virus proteins with promiscuous trans-activating ability directly induce hsp70 gene expression. 5. Adenoviruses specifically promote hsp70 mRNA nuclear export, evading the virus-induced cellular mRNAs export block. 6. Similarities in the mechanism of preferential translation during stress conditions between hsp70 mRNA and viral mRNA may favor host HSP mRNA translation under conditions where cellular protein synthesis is inhibited. 7. Fluxes of folding-competent viral glycoproteins through the ER of infected cells may stimulate GRP synthesis. Viruses known to function at the different levels are indicated. See text for details

While GRP appear to be preferentially induced by RNA viruses, accumulation of HSP was also reported after infection with the paramyxovirus NDV (Newcastle disease virus) \[[@CR30]\], and a direct association between in vivo virus infection and HSR induction was shown by Oglesbee and Krakowka in brain tissue from dogs infected with a different member of the *Paramyxoviridae* family, the morbillivirus CDV (canine distemper virus) \[[@CR31]\]. In this case, elevated levels of a 72 kDa HSP were found in CDV-infected astrocytes as compared to non-infected cells. Translocation of hsp70 to the nucleus \[[@CR32]\] and to the lipid-raft membranes \[[@CR33]\], but not increase in expression, was instead observed after infection with the pneumovirus RSV (Respiratory Syncytial Virus).

Garry et al. reported stress protein induction by the togavirus Sindbis virus and by the rhabdovirus vesicular stomatitis virus (VSV) in chick embryo cells \[[@CR34]\]; notably, HSP induction was resistant, relative to the synthesis of most host proteins, to alterations in the intracellular ionic concentration. The capsid proteins of a different member of the *Togaviridae* family, Semliki Forest virus, was also found to efficiently modulate the stress response of target cells and to confer thermal resistance to HeLa cells \[[@CR35]\].

Increased levels of hsp70 were detected in murine neonatal myocardial cells after infection with two different picornaviruses, encephalomyocarditis (EMC) virus and coxsackievirus B-3 (CVB3) \[[@CR36]\]. Virus inactivation by ultraviolet irradiation prevented hsp70 induction in these cells. Among the *Picornaviridae*, polioviruses (PV) are known to cause a dramatic shut-off of the host cell protein cap-dependent translation by proteolytically inactivating the cap-binding protein complex \[[@CR37]\]. Poliovirus infection is known to inhibit constitutive \[[@CR38]\] as well as heat shock- or prostaglandin-induced \[[@CR39], [@CR40]\] hsp70 synthesis early after infection of human cells; however, hsp70 synthesis was found to be more resistant to inhibition than normal host proteins after PV infection. On the other hand, the important studies by Sarnow \[[@CR41]\], demonstrating that grp78 translation is increased in poliovirus-infected HeLa cells at a time when cap-dependent translation of cellular mRNA is inhibited, opened new scenarios on how stress protein mRNA may adopt differential translation strategies that, in some cases, have similarities with viral RNA.

Induction of grp78 and grp94 \[[@CR42]\], and a transient increase in hsp70 levels \[[@CR43]\] was described during infection with rotaviruses, which possess a segmented double strand RNA genome. In this case, the nonstructural glycoprotein NSP4, which represents the viral enterotoxin, was responsible for GRP induction via an unknown mechanism \[[@CR42]\]. It should be noted, however, that rotavirus infection was found to prevent induction of hsp70 expression by the cyclopentenone prostanoid PGA~1~ \[[@CR44]\].

Finally, retroviruses also affect the cellular stress response. Stimulation of GRP synthesis was initially shown in cells transformed by Rous sarcoma virus \[[@CR27]\], while expression of hsp70 was detected on the surface of cells infected with human T cell leukemia virus type I (HTLV-I); this last observation suggested that HSP immunity plays a role in the pathogenesis of HTLV-I infection \[[@CR45]\]. Increased levels of hsp70 synthesis were also reported by D'Onofrio et al. \[[@CR46]\] in human Molt-4 leukemic T-cells after exposure to HTLV-I in a cell-to-cell transmission model. In addition to hsp70, hsp90 was shown to be overexpressed in HTLV-1-infected cell lines as well as in primary cells derived from patients with adult T-cell leukemia/lymphoma (ATL), a peripheral T-lymphocytic malignancy caused by HTLV-1 \[[@CR47]\]. Hsp90 is involved in the stabilization and conformational maturation of many signaling proteins \[[@CR3]\]. In these cells hsp90 plays a critical role in the folding and conformational maturation of proteins required for cell survival, including Cdk4, Cdk6 and survivin, and is required for the activity of cellular kinases such as IKK, Akt and PDK1 which are essential for the induction and maintenance of T cell proliferation and transformation by HTLV-1. In fact, degradation of client proteins via inhibition of hsp90 by the geldanamycin derivative 17-AAG leads to impaired signaling and cell apoptosis \[[@CR47]\].

In the case of the human immunodeficiency virus (HIV), an increase in hsp70 synthesis and nuclear translocation was observed early after infection of permissive CD4^+^ cells \[[@CR48]--[@CR50]\]. The fact that exposure to heat-inactivated HIV-1 or to purified recombinant gp120 HIV-1 envelope glycoprotein resulted in hsp70 induction indicated that HIV-1 replication is not required for hsp70 synthesis and intracellular translocation, and that the simple interaction of the virus with the CD4 receptor on the cell membrane delivers the signal activating these events (see next section). Increased hsp70 expression was also shown in human lymphoma cells chronically infected with HIV \[[@CR51]\], as well as in lymphocytes from HIV-infected subjects \[[@CR52]\]. In addition to hsp70, increased levels of hsp40 \[[@CR53], [@CR54]\] and hsp27 \[[@CR55]\] were also reported in HIV-infected cells. In particular, HIV-1 Vpr protein, which has been implicated in host--virus interactions at multiple levels, was shown to induce HSF-dependent hsp27 expression, and this effect was associated with an antagonistic effect of the small heat shock protein on the virus replication cycle \[[@CR56]\].

The results described above clearly indicate that the entry of a virus into a eukaryotic cell initiates a cascade of events, which may result in switching on HSP gene expression. This is not surprising. The questions to be answered are: (1) how do viruses activate the HSR, and (2) which is the functional significance of stress protein induction during viral infection?

How Do Viruses Activate the Heat Shock Response? {#Sec3}
================================================

The heat shock response is regulated at the transcriptional level by the activities of a family of heat shock transcription factors (HSF) \[[@CR2]\]. Of the three human HSF genes, *HSF1*, -*2*, and -*4*, HSF1 is the best characterized and essential for the heat shock response. In non-stress conditions HSF1 is located in the cytoplasm of mammalian cells in a negatively regulated state as an inert monomer, associated with chaperones and co-chaperones, including hsp70 and hsp90. As a consequence of the appearance of unfolded proteins and release of interacting chaperones, HSF1 DNA-binding activity is de-repressed and monomers oligomerize to a trimeric state, translocate to the nucleus, are inducibly phoshorylated and bind to specific sequence elements referred to as HSE (heat shock elements), located within the hsp gene promoters, activating transcription of heat shock genes and synthesis of HSP.

In the case of viral infection, depending on the type of virus, HSP induction may be the indirect result of rapid accumulation of large amount of viral proteins present in an unfolded aggregation-prone state in the nucleus and the cytoplasm of the host cell, which would result in hsp70 sequestering and freeing HSF for heat shock gene transcription (Fig. [3.2](#Fig3_2_189258_1_En){ref-type="fig"}). Several viruses, however, activate the HSR in a specific manner, and can act at different levels on the cascade of events leading to HSP expression and accumulation.

Some viruses may interfere with stress signal transduction pathways upstream of HSF, independently of the presence of unfolded proteins inside infected cells. For example, EBV-induced HSP synthesis is dependent on virus attachment to the host cell membrane, but independent of viral protein synthesis, and involves virus-induced *trans*-membrane Ca^2+^ fluxes, indicating that HSR activation occurs trough the interference of the virus with cellular signal transduction pathways \[[@CR22]\].

In the case of retroviruses, the HIV envelope protein Env (gp120), which binds to the CD4 receptor and, together with the fusion protein gp41 mediates entry of the virus into the host cell, has been shown to play a role in HSR activation. In fact, the simple interaction of the virus with the CD4 receptor on the cell membrane was found to deliver the signal activating HSP expression \[[@CR48]\]. Triggering of hsp70 expression by HIV--Env interaction with the host cell receptor in the absence of viral replication was demonstrated by a proteomic approach after co-culturing effector adherent cells that stably express Env with nonadherent target blood mononuclear cells \[[@CR57]\].

Surprisingly, despite the large number of studies demonstrating virus-triggered HSP expression, there is limited evidence of direct HSF activation during viral infection. These include two DNA viruses: HSF activation by adenovirus infection was demonstrated by gel retardation assay early after infection of HeLa cells \[[@CR11]\]; more recently, induction of HSF DNA-binding activity, phosphorylation and nuclear translocation was shown in human blood monocyte derived macrophages at late stage of infection with vaccinia virus, leading to increased levels of hsp70 and hsp90 mRNA, and accumulation of hsp70 protein \[[@CR58]\]. As far as we know, there is no evidence of induction of HSF DNA-binding activity by RNA viruses.

On the other hand, activation of HSF1 would be predicted to trigger the expression of several heat shock genes; instead, in several instances, selective transcription of specific heat shock genes has been demonstrated, suggesting that individual viral components may interact directly with the host transcriptional machinery. This is well documented for some DNA viruses encoding immediate-early proteins with promiscuous trans-activating capabilities (Fig. [3.3](#Fig3_2_189258_1_En){ref-type="fig"}). An example is the SV40 large T-antigen that has been reported to induce hsp70 gene expression by binding to the general transcription initiation factors, the TATA-binding protein (TBP) and TFIIA, and selectively stabilizing the transcription pre-initiation complex at the hsp70 promoter TATA-element \[[@CR59], [@CR60]\]. In the case of herpesviruses, the HSV-1 ICP4, EBV EBNA3A and the HCMV IE2 proteins were found to selectively induce hsp70 transcription \[[@CR61]--[@CR66]\]. The HCMV IE2 protein is able to transactivate the human hsp70 promoter by a TATA box-dependent mechanism: IE2 can interact directly with the TATA-binding protein TBP via IE2 C-terminal regions which are important for *trans*-regulation \[[@CR61], [@CR64]\]. Furthermore, it was found that IE2 is able to overcome Dr1 (down-regulator of transcription 1)-mediated repression of hsp70 promoter in vivo, and can interact with Dr1 in vitro and in vivo. This suggested that IE2-induced transcriptional activation of the hsp70 promoter is due to the ability of IE2 to alleviate Dr1-mediated repression by disruption of the inhibitory complex of Dr1 with TBP \[[@CR65]\]. It should be noted that EBNA3A was also found to upregulate the expression of the cochaperones hsp40 and Bag-3 \[[@CR66]\].Fig. 3.3Modulation of HSP70 gene transcription by viral products. Schematic representation of the HSP70 promoter. Heat shock binding elements (*HSE*), CCAAT-box promoter proximal elements (*CCAAT*) and TATA-box elements (*TATA*) are indicated. Viral proteins, including *E1A* of Adenovirus, large T antigen (*T* ag) of Simian virus 40 (*SV40*), ICP4 of herpes simplex virus type 1 (*HSV-1*), *IE2* of human cytomegalovirus (*HCMV*), and *EBNA3* (EBV nuclear antigen 3) of Epstein-Barr virus (*EBV*), are able to modulate HSP70 gene transcription by direct interaction with different components of the basal transcription apparatus. See text for details. *TFIIs*: general transcription factors II; *CBF*: CCAAT-binding factor

Also in the case of adenoviruses, stimulation of hsp70 expression is mediated through an interaction of the viral early protein E1A with the CCAAT-box binding factor \[[@CR67], [@CR68]\]. As for HCMV, E1A-mediated disruption of the inhibitory complex Dr1 with the TATA-binding protein was reported \[[@CR69]\]. In the case of the avian adenovirus CELO, the viral product Gam-1 was found to be responsible for relocalization and increase in intracellular levels of hsp70 and hsp40 \[[@CR70]\]. In addition to stimulating its transcription, adenoviruses specifically promote hsp70 mRNA nuclear export by interaction with the early E1B protein, thus evading the virus-induced cellular mRNAs export block \[[@CR71], [@CR72]\], and revealing different levels of complexity of virus-mediated regulation of hsp70 expression.

Finally, it should be noted that similarities in the mechanism of preferential translation during stress conditions between hsp70 mRNA and viral mRNA have been reported. This is an extremely interesting and as yet poorly understood level of interaction between viruses and their host. One example is represented by the described similarities between the 5ʹ noncoding region of human adenovirus late mRNAs (the tripartite leader) and the human hsp70 mRNA for selective translation, promoting ribosome shunting through the use of conserved sequences that are complementary to the stem of the 3ʹ hairpin of 18S rRNA during conditions in which cap-dependent protein synthesis is blocked \[[@CR73]\]. It has been known for several years that both viral and heat shock mRNAs can be translated under stress conditions in which cellular protein synthesis is inhibited. This implies that since several viruses cause a shut-off of cap-dependent protein synthesis and hijack the host translational machinery for their exclusive use, they may favor host HSP mRNA translation at the same time. Whether this is an advantage or a disadvantage for the invading pathogen remains to be established and it represents a central question in the interaction of the virus with its host.

One important consideration drawn from the findings described above is that, with rare exceptions, viruses may have evolved different strategies to increase the level of selected HSP without apparently inducing a "canonical" heat shock response where HSF DNA-binding activity and phosphorylation is needed. This interpretation would favor the hypothesis that virus-induced HSP could be actively involved in the regulation of the virus life cycle, rather than reflecting a nonspecific stress situation of the host cell.

Which Is the Functional Significance of HSP Induction During Viral Infection? {#Sec4}
=============================================================================

Viruses, independently of their amazing variation and complexities, in order to accomplish their basic mission, multiplication, need to complete a series of common tasks. These which start with the recognition and binding to host receptors and co-receptors, followed by the entry into the cell by endocytosis or membrane fusion, disassembly of the viral capsid and protective structures, and release of the viral genome into the cytoplasm or the nucleus where transcription and replication occur. Then large quantities of newly manufactured viral proteins begin to accumulate, many of which undergo complex steps of maturation and processing, before packaging the viral genome and assembling into capsidic structures. Some viruses, like herpesviruses, also produce scaffolding proteins that are involved in virion assembly, but are subsequently disposed of and do not form part of the mature virion. Enveloped viruses also need to utilize the cellular trafficking apparatus for transporting and inserting into cell membranes viral glycoproteins that direct formation of the envelope and the exit of mature virions from the host cell.

There is a large amount of literature that describes a remarkable number of possible functions of HSP during every step of the viral life cycle. Rather than attempting to summarize all of the relevant literature, we will describe some examples for each stage of the replication of important human pathogens, focusing on the best understood models for each step.

Virus Entry {#Sec5}
-----------

The first step in infection of a target cell consists of binding of the virion to the host surface, an event dependent on the recognition of specific receptors and co-receptors, which therefore represent important determinants of virus tissue tropism and pathogenesis. Although cytosolic HSP do not contain leader peptides enabling membrane localization, hsc70 and hsp70 are found on the surface of different types of cells \[[@CR74]\]. In particular hsp70 has been detected in detergent-soluble microdomains enriched in sphingolipids \[[@CR75]\] and was shown to directly interact with the lipid phosphatidylserine in plasma membranes of tumor cells \[[@CR76]\]. In addition to the well known implication of this phenomenon in immunological responses \[[@CR77]\], surface-exposed hsp70 and hsc70 proteins have been involved in virus entry into cells. The best studied example of this HSP function is rotavirus infection.

Rotaviruses are non-enveloped double-stranded RNA viruses, which represent the leading cause of severe gastroenteritis in infants and young children word-wide \[[@CR78]\]. Although they have a preferential cell tropism for the mature enterocytes of the villi of the small intestine, rotaviruses can infect different types of tissues, in a complex multistep process in which different domains of the virus surface proteins interact with different cell surface molecules acting as attachment and entry receptors, including sialic acid (SA), several integrins and hsc70. The initial contact of the virus with the cell plasma membrane is through an SA-containing receptor, via the VP8 domain of viral surface protein VP4. This initial binding allows the virus to interact with integrin α2β1, and subsequently with integrins αvβ3, αxβ2 and hsc70 present in cell membrane lipid microdomains \[[@CR79]\] (Fig. [3.4](#Fig3_4_189258_1_En){ref-type="fig"}a). The viral interaction with hsc70 was shown to occur through the C-terminal domain of the viral structural protein VP5 and the peptide binding-domain of hsc70 \[[@CR80], [@CR81]\]. The fact that incubation of host cells with antibodies to hsc70, as well as preincubation of the virus particles with a recombinant human hsc70 protein, selectively inhibited rotavirus infectivity, without affecting virus attachment to the cell membrane, indicates that rotaviruses interact with hsc70 after the initial binding to other cell surface molecules, and suggested that hsc70 may play an active role in the rotavirus entry process at a post-attachment step \[[@CR82]\]. It has been speculated that the chaperone activity of hsc70 could have a pivotal role to help conformational rearrangements of the virus outer layer proteins VP4 and VP7 taking place during virus particle attachment and entry into cells \[[@CR82]\]. The interaction of rotavirus with hsc70 may, however, be more complex. The fact that double layered rotavirus particles (DPLs) were recently shown to bind to hsc70 through a different rotavirus structural protein, VP6, indicated a different level of interaction \[[@CR83]\] and have suggested a fundamental role of HSP for rotavirus infectivity not only during entry, but also at a post-entry level, in rotavirus uncoating, similarly to hsc70-mediated outer capsid disassembly of reovirus \[[@CR84]\]. Fig. 3.4Involvement of heat shock proteins in different phases of virus replication. Heat shock proteins have been shown to function at many levels during different stages of the viral life cycle. Some examples of HSP function during entry (**a**, *Rotavirus*), uncoating (**b**, *Adenovirus*), viral gene transcription (**c**, Human Immunodeficiency virus type 1, *HIV-1*), viral genome replication (**d**, *Hepatitis B virus, HBV*) and viral capsid assembly (**e**, *Polyomavirus*) are shown. Details are described in the text

Apart of rotaviruses, HSP have been involved in cell tropism and entry of other human viral pathogens, including Japanese encephalitis virus, Dengue virus and the human retrovirus HTLV-1 \[[@CR85]--[@CR87]\]. In the case of HTLV-1, cell-surface exposed hsc70, which has been shown to bind the HTLV-1 glycoprotein gp46, appears to be essential for cell-to-cell interactions between HTLV-1-harboring cells and target cells leading to syncytium formation and allowing direct cell-to-cell transfer of the virus \[[@CR86], [@CR87]\]. Finally, in addition to hsc70/hsp70, cell-surface exposed ER stress protein grp78/BiP has also been shown to interact with viruses, and in particular with coxsackievirus A9 (CAV-9), a nonenveloped enterovirus of the Picornaviridae family. Interestingly, both the attachment and cell entry of CAV-9 can be prevented by BiP-specific antibodies \[[@CR88]\].

Uncoating {#Sec6}
---------

After penetration into the target cell, the viral genome, which is packaged in protective nucleocapsid structures, has to be released in a form able to be transcribed, translated and replicated. Depending on the type of virus, uncoating may occur simultaneously with the internalization of the pathogen, or it may take place only after a complex series of membrane fusion and transport steps. The molecular mechanism of uncoating is still not well understood for several viruses. Since hsp70 chaperones are known to be involved in the disassembly of oligomeric protein structures, including the uncoating of clathrin vesicles \[[@CR89], [@CR90]\] which are utilized by many viruses for internalization into the host, it is feasible that the hsp70 chaperone machinery may participate in the uncoating of virion particles.

In fact, an involvement of chaperones and cochaperones in virus uncoating has been shown during infection with adenoviruses (AdV). Adenoviruses, nonenveloped DNA viruses responsible for common respiratory and gastrointestinal infections, present a highly complex icosahedral capsidic structure composed by 11 proteins organized in "hexon" and "penton base" building blocks, and 12 fibers projecting from the vertices of the icosahedron. AdV enter by endocytosis and soon after the release of the virion particles from endocytic vesicles into the cytoplasm, hsp70 and hsc70 can be found attached to the hexon protein \[[@CR91]\], while hsp70 and its co-chaperone Bag-3 interact with the penton protein \[[@CR92]\]. The intact capsid is transported to the nuclear pore complex using the cell nuclear localization signal (NLS)-dependent nuclear import machinery and docks with the nuclear pore by interaction of the hexon protein with components of the pore complex \[[@CR93]\]. The viral DNA, without the capsid, is subsequently translocated into the nucleus in an hsp70-dependent process (Fig. [3.4](#Fig3_4_189258_1_En){ref-type="fig"}b). It is hypothesized that the capsid, which is too large to pass through the nuclear pore, is disassembled in an hsp70-dependent manner allowing the viral DNA to enter the nucleus \[[@CR93]\]. However, the fact that in a reconstituted import assay, containing hsp70 with the hexon import factors, the viral DNA could not be transferred into the nucleus, suggested that hsp70 cochaperones such as J-domain proteins or Bag-domain proteins may be necessary for coat disassembly and genome nuclear transfer. Thus, similarly to the uncoating of clathrin-coated vesicles where the clathrin-associated J-domain protein auxilin targets hsc70 to clathrin for the multiple ATPase cycles-requiring uncoating reaction \[[@CR94]\], cochaperones may be needed for targeting hsp70 to the AdV capsid, and for assisting in the disassembly process.

In addition to AdV, hsp70 chaperones were shown to efficiently disassemble polyoma- and papillomavirus-like particles and virions in energy-dependent reactions in vitro \[[@CR95]\], supporting a more general role for cell chaperones in virus capsidic structure disassembly.

Viral Gene Expression {#Sec7}
---------------------

Animal viruses have evolved a remarkable range of strategies for regulating the expression of their genes in order to optimize the use of the host cell resources. For transcription of their genome, RNA viruses utilize viral-encoded RNA polymerases and/or polymerase complexes, which are translated directly from the genomic RNA immediately after entry into the host in the case of positive-strand RNA viruses, or are carried in the viral capsid strictly associated to the genome in the case negative-strand RNA viruses. DNA viruses, with the exception of poxviruses, transcribe their genes in the nucleus and exploit the cellular transcription machinery engaging host cell initiation and elongation factors associated with specialized viral proteins. Since some of the required host factors interact with components of the hsp70 system, the chaperone network also intervenes in this phase of the viral life cycle. One example is represented by the hsp70 cochaperone Bag-1, which was shown to interact physically with several transcription initiation factors in vitro and to stimulate general transcription activity in an hsp70-dependent manner \[[@CR96]--[@CR98]\]. The M isoform of Bag-1 was shown to strongly enhance the activity of the HCMV promoter under unstressed conditions; this effect was mediated by the dual activity of the protein, i.e. binding to the hsp70/hsc70 chaperones through the C-terminal BAG domain, and to the HCMV promoter element through the N-terminal DNA-binding motif \[[@CR99]\]. It has been hypothesized that Bag-1 M may function by activating or stabilizing host transcription factors through hsp70/hsc70 chaperone interactions \[[@CR99]\]. Bag-1 was also identified as a nuclear factor activating human polyomavirus JCV early and late promoters, mimicking transcription factors \[[@CR100]\]; however, the molecular mechanisms responsible for transcriptional activation are still unclear.

Among RNA viruses, retroviruses, in addition to viral proteins, also have to depend on the host transcriptional machinery for viral gene expression. A unique feature that distinguishes HIV and lentiviruses from other retroviruses is the ability to productively infect nondividing cells, by actively transporting the viral preintegration complex (PIC) into the nucleus without breakdown of the nuclear envelope during cell division \[[@CR101]\]. Nuclear import is regulated by different PIC components, comprising the central DNA flap, and several viral proteins, including Vpr for HIV type 1 (HIV-1) and Vpx for HIV type 2 (HIV-2). Interestingly, hsp70 has been suggested to play a role in HIV-1 PIC nuclear import also in the absence of Vpr \[[@CR102]\], whereas it has been recently shown that the cochaperone hsp40/DNAJB6 specifically enhances the nuclear localization of Vpx and modulates the targeting of HIV-2 PICs to the nuclei of infected cells \[[@CR103]\]. After nuclear import and integration into the host genome, the efficient transcription of the full-length proviral DNA depends on the viral transactivator protein Tat, that stimulates the processivity of host RNA polymerase II, and its specificity for the HIV RNA stem-loop structure TAR located at the 5ʹ end of the nascent viral transcripts \[[@CR101]\]. This activation is mediated by the human positive transcription elongation factor P-TEFb, which interacts with Tat and phosphorylates the C-terminal domain of RNA polymerase II. The catalytic subunit of the P-TEFb complex is the cyclin-dependent protein kinase Cdk9, which has been shown to form a heterodimer with cyclin T1 and, in addition, to interact with hsp70 and the kinase-specific chaperone complex hsp90/Cdc37 to form two separate chaperone Cdk9 complexes (Fig. [3.4](#Fig3_4_189258_1_En){ref-type="fig"}c). These two complexes act sequentially to facilitate Cdk9 folding/stabilization and the production of the mature Cdk9/cyclin T1 P-TEFb complex \[[@CR104]\]. In addition to hsp70 and hsp90, hsp40 was also implicated in the enhancement of HIV-1 gene expression, but in this case transcriptional stimulation is mediated by the viral protein Nef \[[@CR53]\].

Interestingly, HSP do not interact only with cellular factors involved in transcriptional regulation. For example, hsp90 has been shown to interact with the viral RNA polymerase in the case of influenza virus. Influenza A virus genome consists of eight segmented, single-stranded RNAs of negative polarity, each one associated with the nucleocapsid protein (NP) and the viral RNA polymerase complex consisting of three subunits, PB2, PB1 and PA, to form the ribonucleoprotein complexes (vRNP) \[[@CR105]\]. Since the viral polymerase is not able to synthesize a cap structure, host-derived oligo RNA containing cap structures are necessary for initiation of transcription. The host capped RNA is recognized by the carboxyl-terminal region of the PB2 subunit, and cleaved by the PB1 subunit 10--15 bases downstream from the 5ʹ end; the capped RNA fragment then serves as a primer for viral mRNA synthesis catalyzed by PB1 \[[@CR106]\]. It has been shown that hsp90 is re-localized to the cell nucleus after viral infection, and interacts with the viral RNA polymerase PB2 subunit through the amino-terminal chaperone domain and the middle region containing a highly acidic domain. Hsp90 chaperone activity appears not be responsible for the stimulatory activity that in fact resides in the acidic middle region, but not in the amino-terminal chaperone domain \[[@CR107]\]. It was speculated that hsp90 acts by facilitating the association of RNA-free RNA polymerase to template RNA and/or stabilize the RNA polymerase during its translocation between templates. It was suggested that hsp90 might be considered a host factor for the influenza virus RNA polymerase. More recently it has been shown that hsp90 is also involved in the nuclear import and assembly of influenza virus RNA polymerase subunits \[[@CR108]\]. Interestingly, the chaperone activity of hsp70 did not mimic the hsp90 stimulatory activity in influenza virus transcription, whereas hsp70 was shown to increase the viral polymerase activity of canine distemper virus (CDV), a member of the *Paramyxoviridae* family, by a reversible and direct interaction with the viral core particle \[[@CR109]\]. In this case, a stimulatory effect of hsp70, but not hsc70, on the viral polymerase activity was shown in CDV nucleocapsid isolated from infected cells. Hsp70 was also found to interact in an ATP-dependent manner with the polymerase of a human member of the *Paramyxoviridae* family, the respiratory syncytial virus, in host cell lipid-rafts \[[@CR33]\].

All together, these results indicate that chaperones and cochaperones may be involved in viral gene expression at the level of transcription initiation and elongation, and may act by direct interaction with host factors, as well as viral polymerases.

Genome Replication {#Sec8}
------------------

A critical role for chaperones in viral genome replication was first demonstrated more than 30 years ago by the pioneering studies of Costa Georgopoulos in bacteriophage λ DNA replication \[[@CR110]\]. Subsequent studies on animal viruses have highlighted the role of the cellular protein folding machinery in viral genome replication, reflecting the requirement for selected viral proteins to undergo essential conformational changes in order to carry out their functions. One model in which viral genome replication has been studied extensively is the hepatitis B virus (HBV). In addition to its importance in human pathology (worldwide, there are approximately 350--400 million persons infected with chronic hepatitis B), HBV also represents a distinct entity in the world of viruses with its extremely compact 3.2 kb circular, not covalently closed, DNA genome, which has the unusual property of being partly double-stranded, with a single-stranded region of variable length \[[@CR111]\]. These peculiar features arise from the unique mechanism of generation of the DNA genome via reverse transcription. As in all hepdnaviruses, a pregenomic RNA (pgRNA) that also acts as mRNA for the capsid protein and the viral reverse transcriptase, termed P protein, is packaged into viral capsids where is reverse-transcribed into progeny DNA genomes. Both pregenomic RNA encapsidation and initiation of DNA synthesis are triggered by the binding of P to the ɛ 5ʹ-proximal RNA stem-loop of the pgRNA. After binding a "priming reaction" occurs, in which a tyr-residue on the "terminal protein" (TP) domain of the reverse transcriptase serves for the protein-primed synthesis of a ɛ-encoded and covalently TP-linked short (3--4 nt) DNA oligonucleotide. After translocation of the complex to a 3ʹ proximal RNA element, the oligo is extended into the complete minus-strand DNA; P-driven plus-strand DNA synthesis then yields the circular incomplete DNA genome present in mature virions \[[@CR111]\].

It is well established that the priming reaction strictly requires prior activation of the reverse transcriptase by host chaperones, including interactions with hsp40, hsp70, hsp90 and Hop in an ATP-dependent reaction. Following the initial observation that hsp90 is associated with the reverse transcriptase of the duck HBV \[[@CR112]\], mechanistic studies initially in cell-free rabbit reticulocyte systems and more recently in in vitro reconstitution of priming-active P complexes entirely from purified components \[[@CR113]\] have allowed the role of the individual chaperones that are required to induce functionally crucial structural rearrangements in both the P protein and the RNA to be dissected. The following model of action of the chaperone machine for HBV replication has been recently proposed \[[@CR111]\]. In the inactive state of P, the ɛ-RNA binding pocket is inaccessible; hsp40/hsp70 activation promotes the structural changes in the reverse transcriptase required for binding the ɛ-RNA (Fig. [3.4](#Fig3_4_189258_1_En){ref-type="fig"}d). Complexes containing primer-competent ɛ-RNA undergo induced-fit rearrangements in the RNA and the protein enabling them to initiate DNA synthesis. However, maintaining a steady-state level of the active P form, which is metastable and decays in the inactive state within minutes, requires constant re-activation by the hsp40/hsp70 system and a continuous supply of ATP. In the presence of substrate, the weak hsp70 ATPase activity is stimulated up to 1,000 fold by hsp40, explaining the important role of this co-chaperone in this system. Since the ADP-ATP exchange on hsp70 represents a rate-limiting step in the priming reaction, the presence of Bag-1, an established nucleotide exchange factor of hsp70, markedly stimulates activation by increasing the steady-state concentration of the activated metastable P form. Whether in addition to the hsp70 system, the presence of hsp90 and the hsp70-hsp90 organizing protein Hop is essential for P activation has been controversial, though it is generally accepted that the presence of hsp90, as well as the co-chaperone p23, highly enhances P activity \[[@CR113]--[@CR118]\]. It should be noted that a negative role of hsp40 in the regulation of HBV replication through destabilization of the viral X protein has been also recently suggested \[[@CR119]\]. In addition to the hsp70 and hsp90 systems, hsp60 was found to be important for HBV replication in vivo, presumably through activation of the reverse transcriptase before encapsidation of P into HBV core particles \[[@CR120]--[@CR122]\]. Finally hsp70 and hsp90 (but not hsp60) are found incorporated into the released virions supporting the hypothesis that these chaperones may be needed both to stabilize the reverse transcriptase in the extracellular particle and to allow immediate reactivation after entry into host cells.

The involvement of chaperone systems in genome replication of animal viruses has also been shown in DNA viruses that do not require reverse transcription, including human papillomaviruses \[[@CR123], [@CR124]\], herpes simplex virus type 1 \[[@CR125]\], and Varicella Zoster virus \[[@CR126]\]. In particular, in the case of herpes simplex, HSV-1 DNA polymerase was identified as a putative client protein of the hsp90 chaperone system \[[@CR127]\]. The general picture emerging from the literature is that different chaperones, and in particular the hsp70/hsp40 system, appear to play an important role in the initiation of viral DNA replication by facilitating the assembly of initiation complexes.

Assembly of Viral Components and Virion Morphogenesis {#Sec9}
-----------------------------------------------------

Following the observation that prokaryotic chaperones are essential for bacteriophage assembly \[[@CR128]\], HSP involvement in assisting folding of viral structural proteins and nucleocapsid organization has been shown during morphogenesis of several plant viruses \[[@CR129], [@CR130]\], as well as animal viruses, including adenoviruses \[[@CR131]\], poliovirus, coxsackievirus \[[@CR38], [@CR132]\] and reovirus \[[@CR133]\]. Given the requirements for virion quality control and for architecture regulation of structural proteins intrinsically poised for assembly, it is not surprising that viruses hijack the cellular chaperone machinery also during the final stages of their replication. However, a mechanistic role for chaperones in controlling the quality and intracellular location of viral capsid assembly has been described only in a limited number of models, among which are polyomaviruses. Polyomaviruses are small, nonenveloped, icosahedral DNA viruses that include two human pathogens, BK and JC viruses, and the simian SV40 virus, which is one of the most studied models of DNA virus replication and tumorigenesis. Polyomavirus capsids are composed of 72 pentamers of the major viral protein VP1, while one of the minor proteins, either VP2 or VP3, binds in the central 5-fold cavity of each VP1 pentamer \[[@CR134]\]. The C-terminal domain of each VP1 monomer connects to a neighboring pentamer to form the principal interpentamer contacts, which are stabilized by calcium ions. Like most DNA viruses, polyomavirus capsid proteins are synthesized in the cytosol, whereas assembly of virions occurs only in the nucleus and it is rigorously controlled so that virions of uniform size are formed. During viral infection the cognate hsc70 was shown to bind VP1 post-translationally and to colocalize with VP1 in the nucleus \[[@CR135]\]. Following this observation, Chromy et al. have shown that, after expression of recombinant VP1 in *Escherichia coli*, the prokaryotic hsp70 chaperone DnaK copurified with VP1 C-terminal domain \[[@CR136]\]. In the presence of ATP, the hsp70 chaperone system, including DnaK, DnaJ and GrpE, was able to assemble VP1 into uniform capsid structures without requiring calcium. Chaperone-mediated in vitro assembly of virion-like particles was similarly catalyzed by the mammalian hsc70 protein in an ATP-dependent process, in combination with the J-domain function of the SV40 large T-antigen protein (Fig. [3.4](#Fig3_4_189258_1_En){ref-type="fig"}e). These observations, together with the previous characterization of the colocalization of hsc70 with VP1 into the nucleus of infected cells, support a role for the hsp70 chaperone system in the in vivo regulation of virion assembly.

In addition to the role of HSP in the formation of viral capsids, it is well documented that several proteins of animal viruses, including hepatitis B virus \[[@CR137]\], HIV, VSV, influenza A and Sindbis viruses, interact with the ER resident hsp70 chaperone BiP/grp78 during maturation (reviewed in ref \[[@CR138]\]); however, description of the role of glucose-regulated proteins and ER stress response in viral replication is beyond the scope of this chapter.

Finally, hsp70 has been identified as one of the minor virion components in several negative-strand RNA viruses, including Newcastle disease virus, influenza A virus and vesicular stomatitis virus, and was found to be selectively incorporated into rabies virions \[[@CR139]\]. Hsp70 family members were also found to be incorporated into HIV-1 particles: in particular, hsp70 was found to interact with the HIV-1 Gag polyprotein to which it remains stably associated in HIV-1 virion cores \[[@CR140]\].

All together, these observations point to an important role of the cellular chaperone machinery in assisting viral monomer folding, multimer assembly and virus maturation. The function of heat shock proteins in viral morphogenesis is discussed in depth in a different chapter of this book.

Effect of Hyperthermia and HSR Modulators on Virus Replication {#Sec10}
==============================================================

The findings described in the previous sections present convincing evidence that several heat shock proteins are involved at many levels in different phases of the viral replication cycle. The importance of the heat shock response in the control of viral infections has been recently emphasized by the outburst of studies on the antiviral effect of hsp90 inhibitors.

Hsp90 Inhibitors and Virus Replication {#Sec11}
--------------------------------------

Hsp90 is an abundant molecular chaperone which binds to a specific set of client proteins, including intracellular receptors and signal transduction proteins, facilitating their folding and stability \[[@CR141]\]. Hsp90 activity can be inhibited by drugs that compete for its N-terminal ATP-binding site, which include natural products (geldanamycin, radicicol) and synthetic compounds such as 17-allylamino-demethoxygeldanamycin (17-AAG) \[[@CR142]\]. The antiviral activity of hsp90 inhibitors has been described in a wide variety of experimental models against RNA and DNA viruses, among which picornaviruses \[[@CR132]\], vaccinia virus \[[@CR143]\], hepatitis B \[[@CR113]\] and C \[[@CR144]--[@CR146]\] viruses, herpesviruses \[[@CR126], [@CR127], [@CR147], [@CR148]\], and several negative strand RNA viruses, including influenza and parainfluenza viruses, rhabdoviruses and bunyaviruses \[[@CR149], [@CR150]\]. In most cases the antiviral activity has been ascribed to destabilization and/or mislocation of important non-structural or structural viral proteins following hsp90 release. One example of a structural viral protein destabilized by hsp90 inhibitors is the large multidomain capsid protein P1 of picornaviruses. Picornavirus replication was found to be critically dependent on the function of the hsp90 chaperone machinery; following hsp90 inhibition, P1 misfolds and is targeted for proteasomal degradation, while the other viral proteins remain unaffected \[[@CR132]\]. On the other hand, in the case of herpes simplex viruses, geldanamycin was shown to inhibit HSV-1 replication by impairing nuclear transport and increasing proteasome-dependent degradation of the viral DNA polymerase \[[@CR127]\]. Similarly, during influenza virus infection hsp90 inhibition results in preventing nuclear import and decreasing the half-life of the viral polymerase subunits, leading to a reduction in viral ribonucleoprotein complexes \[[@CR150]\]. Geldanamycin was also found to inhibit hepatitis C RNA replication in a human hepatoma cell line harboring an HCV RNA replicon by disrupting a complex formed by hsp90 with FKBP8, a member of the FK506-binding proteins, and the HCV nonstructural protein NS5A, a membrane-anchored phosphoprotein containing a zinc metal-binding motif within the N-terminal domain which is essential for viral replication \[[@CR145]\]. In addition to NS5A, hsp90 was found to be associated also with the HCV NS2/3 protease, and treatment with hsp90 inhibitors can prevent NS2/3 cleavage, hindering the maturation of the polyprotein that encodes the enzymes essential for HCV replication \[[@CR144]\].

These data appear to be in contrast with the vast amount of literature describing inhibition of virus replication under conditions where heat shock protein synthesis is enhanced (see next sections). This contradiction, however, is only apparent if it is considered that geldanamycin and other hsp90 inhibitors can activate an HSF1-dependent heat shock response and their administration leads to increased levels of hsp70 as well as hsp90 itself \[[@CR151], [@CR152]\]. As an example, inhibition of hepadnavirus replication by hsp90 inhibitors required concentrations of geldanamycin analogs, which induced a strong heat shock response, causing massive upregulation of hsp70 and hsp90 \[[@CR113]\].

Hyperthermia in Viral Infection {#Sec12}
-------------------------------

One condition in which HSP expression is increased in vivo is fever. Many viral diseases cause the development of fever in the host and, while hyperthermia has been implicated in the reactivation of viral replication in latent/chronic infection, the possibility that fever could be beneficial during acute viral infections has been often suggested (reviewed in ref \[[@CR153]\]). Exposure of mammalian cells to elevated temperatures during primary virus infection appears to inhibit virus replication in vitro and in vivo. When animals infected with herpesvirus, rabies virus, group B coxsackievirus and other viruses were kept at elevated temperatures, viral infection was reduced in comparison to animals kept at normal temperature \[[@CR154], [@CR155]\]. Survival of newborn pups after inoculation with canine herpesvirus was prolonged and viral growth was greatly reduced when animals were kept in an environment that elevated their body temperature to 38.6--39.5°C \[[@CR156]\], whereas whole body hyperthermia (30 min at 40°C on day 5 and 12 after infection) decreased virus titers in the spleen of mice infected with the polycythaemia-inducing strain of Friend virus \[[@CR157]\]. A similar correlation between body temperature and virus titers was shown during influenza A virus in ferrets \[[@CR158]\]. In humans, local hyperthermia (20--30 min at 43°C) has been found to improve the course of the disease in patients with natural and experimental common colds \[[@CR159]\], whereas whole-body hyperthermia at 42°C to inhibits HIV-1 transcription in AIDS patients \[[@CR160]\].

There is a large amount of literature that describes the antiviral effect of hyperthermia on different viral pathogens also in vitro. Exposure to febrile temperature (39.5°C) was shown to strongly suppress adenovirus replication in normal human bronchial epithelial cells and lung fibroblasts \[[@CR161]\]. During primary infection in cultured cells continuous hyperthermia at 3--4°C above the physiological range can block the replication of several RNA and DNA viruses, including the paramyxoviruses measles and Sendai, influenza virus, poliovirus, herpes simplex viruses and poliomaviruses \[[@CR162]--[@CR165]\].

In addition to continuous exposure to higher temperature, short hyperthermic treatment (HT) has also been shown to suppress the replication of different viruses, including togavirus \[[@CR166]\], paramyxovirus \[[@CR167]\], rhabdovirus \[[@CR168]\], rhinovirus \[[@CR169]\], and retroviruses \[[@CR170]\]. In the case of the retrovirus HIV, while several studies have suggested that heat shock could activate the transcription of HIV-1 long terminal repeat (LTR) in vitro \[[@CR171], [@CR172]\], short hyperthermic treatment was shown to be extremely effective in reducing viral titers in lymphoblastoid cells during acute infection with HIV-1 \[[@CR170]\]. Moreover, acutely HIV-infected cells were more susceptible to killing by heat than uninfected cells. Because of the increased heat sensitivity of HIV-1 infected cells and of the relatively rapid inactivation of HIV at 42--45°C \[[@CR173]\], hyperthermic treatment was suggested to be potentially beneficial in HIV-1 infection \[[@CR160], [@CR174], [@CR175]\].

Studies from our laboratory have shown that short (20 min) hyperthermic treatment, if applied during specific stages of the virus cycle, is extremely effective in blocking the replication of the rhabdovirus VSV during primary infection \[[@CR168]\]. In this model, no effect on virus replication was found when heat shock was applied soon after virus entry into host cells, or at late times of infection when the virus has taken control of the cellular protein synthesis machinery and HSP synthesis is impaired, indicating that the antiviral effect is not due to a general change in membrane fluidity, cell metabolism or stability of virus proteins or RNA. If hyperthermic treatment was applied at the time of genomic amplification (2--4 h after virus infection) when virus proteins start to be synthesized, virus yield was reduced to less than 5% of control. In a similar manner, short (20 min) exposure to hyperthermic treatment, when applied at specific stages of the virus replication cycle, strongly suppressed the replication of human rhinoviruses (HRV), the major etiologic agent of the common cold \[[@CR169]\]. These results suggested that synthesis of heat shock proteins induced at specific stages of the virus cycle could interfere with virus replication. The possibility that HSP could play a role in the control of rhabdovirus and rhinovirus replication was reinforced by the fact that the antiviral effect was mimicked by different chemical inducers of hsp70 \[[@CR168], [@CR169]\].

The mechanism underlying the antiviral effect of hyperthermia is complex and still far from being elucidated. Different aspects of the heat shock response are probably involved, depending on the type of virus and the environmental conditions. Exposure to heat activates different signaling pathways above or independent of HSF; it could be speculated that some of these signals could hinder the virus replicative machinery or could interfere with distinct cellular signaling pathways utilized by some pathogens for progression of their replication cycle. One example is the interaction of the HSR with the signaling pathway leading to activation of nuclear factor-κB (NF-κB). Our studies on the antiviral activity of cyclopentenone prostanoids led to the discovery of a cross-talk between HSF1 and NF-κB \[[@CR176], [@CR177]\]. We demonstrated that different chemical inducers of the heat shock response including different cyclopentenone prostanoids, sodium arsenite, serine protease inhibitors, as well as heat shock itself, prevent NF-κB activation triggered by cytokines, mitogens or viruses \[[@CR176]--[@CR181]\]. Following this initial observation, it is now well established that heat stress results in inhibition of NF-κB activity, though the mechanism of this interaction is not yet clearly understood. Since some viruses, including herpesviruses and HIV-1, are dependent on NF-κB for enhancing viral gene expression \[[@CR182]\], inhibition of the NF-κB pathway by heat could be, at least in part, responsible for the antiviral activity of hyperthermia during infection with these viruses.

A different type of interaction is the one involving the interferon response. Heat shock was found to induce the expression of 2ʹ, 5ʹ-oligoadenylate synthetase, which is usually induced by interferon (IFN) -α and -β and constitutes one of the pathways of IFN antiviral activity by inhibiting protein synthesis through the activation of a latent endoribonuclease \[[@CR183]\]. In addition, the hsp90 chaperone complex was found to regulate the activity of two important components of the interferon pathway: the interferon regulatory factor 3 (IRF3), a critical transcriptional regulator of antiviral immune response mediating the expression of type I IFN and other IFN-stimulated genes \[[@CR184]\], and the double-stranded RNA-dependent eIF2-α kinase PKR \[[@CR185]\].

In addition to the effect on signal transduction pathways, distinct mechanisms for the antiviral activity of hyperthermia against different viral pathogens have been proposed. The use of a mutant HSF1, which is transcriptionally active in the absence of heat stress, has shown that HSF can suppress HIV-1 LTR-driven transcription by a mechanism involving interaction with Sp1 elements in the viral promoter \[[@CR186]\]. In the case of influenza virus, the suppression of virus production has been attributed to dissociation of the matrix protein M1 from viral ribonucleoprotein complexes (vRNP), which disrupts the nuclear export of vRNP \[[@CR187]\]. On the other hand, hyperthermic treatment during acute infection with herpes simplex viruses resulted in repressing virus replication by inhibiting late viral protein synthesis \[[@CR15], [@CR16]\]. Selective inhibition of viral protein synthesis was also detected during SV40 poliomavirus infection \[[@CR163]\]; the fact that the antiviral effect of hyperthermia was mimicked by chemical inducers of heat shock proteins suggested that inhibition of SV40 replication is an HSP-mediated response.

Induction of Heat Shock Proteins by Antiviral Agents {#Sec13}
----------------------------------------------------

Several molecules with antiviral activity have been shown to directly induce HSP synthesis or to be able to modulate HSP expression after induction by hyperthermia or other agents.

Among the antiviral molecules able to enhance HSP expression triggered by hyperthermia or chemical stimulation we can include interferon and some non-steroidal anti-inflammatory drugs (NSAIDs). Treatment with type I interferon, even though did not induce HSP synthesis at 37°C, was shown to potentiate the transcription and translation of HSP mRNA after a mild heat shock (39.5--40.5°C) in human \[[@CR188]\] and murine cells \[[@CR189]\]. IFN was shown to regulate HSP expression at two levels, by enhancing the transcription rate of the heat-shock genes, and by increasing the stability of mRNA coding for HSPs. In addition, the IFN-regulated kinase PKR was found to be essential for efficient activation of the heat shock response and stabilization of hsp70 mRNA \[[@CR190]\]. Results from our laboratory showed that human natural IFN-α, also enhanced prostaglandin-induced hsp70 synthesis in cells infected with vesicular stomatitis virus \[[@CR191]\]. The increase in hsp70 synthesis was accompanied by an enhanced antiviral activity. Among NSAIDs, indomethacin which has been shown to possess antiviral activity against several DNA and RNA viruses, including the SARS coronavirus \[[@CR192]\], is also known to potentiate and prolong HSF1-mediated HSP expression induced by heat shock and to lower the temperature threshold of HSF1 activation \[[@CR193], [@CR194]\].

An interesting class of HSP inducers with antiviral activity are the cyclopentenone prostaglandins (cyPG). Starting from the initial discovery in a paramyxovirus infection model \[[@CR195]\], it is well established that cyPG possess a potent antiviral activity against a wide variety of DNA and RNA viruses in vitro and in vivo (reviewed in ref \[[@CR167], [@CR196]\]). Antiviral prostaglandins share the ability to function as signal for HSF1-dependent induction of HSP synthesis in non-stressing circumstances \[[@CR197]--[@CR199]\]. In the case of SV paramyxovirus, treatment with cyPG in the early phase of infection causes a selective block of viral protein expression, which persists for as long as hsp70 is synthesized by the host cell \[[@CR200]\]. Similar results were obtained during infection with the rhabdovirus VSV \[[@CR201]\]. A role for hsp70 as the cellular mediator interfering with SV and VSV protein synthesis was hypothesized based on the following observations: *i*, chemical hsp70 inducers as diverse as sodium arsenite, cadmium, azetidine, 2-cyclopenten-1-one, the serine protease inhibitor 3,4-dichloroisocoumarin, as well as heat shock, mimic the antiviral activity of prostaglandins and cause a selective inhibition of viral protein synthesis associated with HSP expression in infected cells; *ii*, cyPG have no effect on viral protein synthesis in murine cells which lack the ability to synthesize hsp70 in response to cyPG, and in human cells in which hsp70 translation is impaired by poliovirus infection \[[@CR167], [@CR199]--[@CR203]\]. These data suggest that high levels of HSP antagonize virus protein synthesis in the early phase of acute infection. The mechanism by which HSP can interfere with viral protein synthesis remains to be elucidated. At high concentrations HSP could directly interact with the nascent viral polypeptides, causing a translational block. This possibility is suggested by the studies of Schlesinger et al., showing that the hsp70 presence during in vitro translation of Sindbis virus mRNA interferes with normal polypeptide synthesis \[[@CR204]\]. Alternatively, HSP and virus messages, both of which can be translated in conditions where cellular protein synthesis is impaired (i.e. elevated cytoplasmic ionic concentrations, absence of functional eukaryotic initiation factor 4F), could possess similar mechanisms for preferential translation, and could then compete with each other. This hypothesis is supported by the previously described similarities between the tripartite leader of human adenovirus late mRNAs and the human hsp70 mRNA for selective translation, promoting ribosome shunting during conditions in which cap-dependent protein synthesis is blocked \[[@CR73]\]. However, other mechanisms involving alterations of the translational machinery itself, including HSR-induced changes in phosphorylation of initiation and/or elongation factors could participate in the antiviral response.

Concluding Remarks {#Sec14}
==================

The picture emerging from the large amount of literature describing the interactions between heat shock proteins and viruses, accumulated in the last years, clearly shows that viruses exploit the host cell chaperone machinery and, in some cases, reprogram it and maximize its efficiency to achieve optimal conditions for their multiplication. It should be pointed out that, with rare exceptions, HSP induction by viruses appears not to be the result of a "canonical" HSF-mediated heat shock response, but rather the effect of virus-controlled transcriptional/translational switches, sometime involving individual viral products.

Due to the many functions of heat shock proteins and to the many levels of interactions described above, the relationship between viruses and HSP appears to be a complex and multifaceted phenomenon, which depends on the type of virus as well as on the environmental conditions. We have described some examples of HSP function during entry, disassembly, gene expression, genome replication, and morphogenesis of important human viral pathogens, indicating that heat shock proteins are potentially involved in all phases of the viral life cycle. HSP are also involved in other important aspects of viral infection, including the control of survival/apoptosis switches and transformation of the host cell (reviewed in ref \[[@CR205]\]), and modulation of the immune-response (reviewed in ref \[[@CR77]\]), which are not described here being beyond the scope of this chapter.

It should be considered that the studies of the interaction between HSP and viruses during infection of cultured cells may not reflect accurately the events of a viral infection in vivo where other conditions, which include changes in body temperature, inflammation, oxidative stress or increased local concentrations of cytokines and arachidonate cascade products, may influence HSP expression. The large amount of evidence that pharmacologically- or environmentally-induced alteration of HSP levels leads to inhibition of virus replication appears to be in contrast to the well recognized role of heat shock proteins in different stages of viral replication. However, since most of the described functions of heat shock proteins in the virus replication cycle depend upon a delicate balance of chaperones and co-chaperones with metastable forms of viral proteins, it is possible that this equilibrium is disrupted under conditions leading to an abrupt change in the intracellular level of selected HSP. In this case, stress conditions would be unfavorable to the invading virus.

Given the remarkable differences in the replicative strategies utilized by different viruses and the complexity of host-virus interactions, it is evident that we are only starting to understand the influence of the heat shock response during viral infection. A better comprehension of the functional role of heat shock proteins in virus replication may lead to novel strategies to exploit the HSR for therapeutic gain in the treatment of viral diseases.

This work was supported by the Italian Ministry of Public Health (ISS, ACC Oncology Project), and the Italian Ministry of University and Scientific Research (FIRB and PRIN Projects).
